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Abstract 

This  work  considers  the  structural  dependence  of  the  electrochemical  lithium-ion  intercalation  into  the  amorphous  and  crystalline  gel- 
derived  Li,^Mn204  powdered  electrode  specimens  (  1  +  8  =  (>.4-L5)  in  1  M  LiC104/propylene  carbonate  (PC)  solution,  by  using  the 
galvanostatic  intermittent  charge /discharge  experiment  and  electrochemical  impedance  spectroscopy.  In  the  charge /discharge  curve,  the 
amorphous  powdered  electrode  specimen  showed  a  slope  in  the  potential  versus  lithium  content  (  1  -  8).  By  contrast,  the  crystalline  powdered 
electrode  specimen  exhibited  two  distinct  plateaus  near  4.0  and  4.16  V,  ,+ ,  indicating  the  coexistence  of  two  pseudo-phases  ol  a  lithium- 
diluted  phase  and  a  lithium-concentrated  phase,  and  of  A-MnCL  and  Li,  _  *Mn204,  respectively.  From  the  impedance  spectra,  it  was  found  that 
the  absorption  resistance  of  lithium-ion  intercalation  into  the  amorphous  and  crystalline  powdered  electrode  specimens  remained  nearly 
constant  with  varying  lithium  content,  (  1  —  8),  in  the  0. 4-0.8  range.  The  invariant  absorption  resistance  is  based  upon  the  structural  stability 
of  the  three-dimensional  cubic  spinel  Li,  _6Mn204  lattice.  In  contrast,  the  absorption  resistance  increased  abruptly  above  (  1  +  8)  =  1.0  by  the 
stress-field  gradient  generated  due  to  Jahn-Teller  distortion.  The  chemical  diffusi vity  of  lithium  ions  in  the  amorphous  powdered  electrode 
specimen  was  found  to  be  nearly  constant,  i.e..  about  10-x  cm2  s  '.  irrespective  of  the  lithium  content  in  the  range  of  (  1  —  8)  =0.45-0.7  at 
room  temperature,  which  is  ten  times  higher  than  that  in  the  crystalline  powdered  electrode  specimen.  The  raised  chemical  diffusi  vity  in  the 
amorphous  electrode  is  due  to  a  shorter  diffusion  length  and  a  stronger  repulsive  interaction  between  the  lithium  ions  within  the  electrode.  On 
the  other  hand,  the  component  diffusi vities  of  lithium  ions  in  both  the  amorphous  and  crystalline  electrodes  shared  the  nearly  same  value  of 
about  10”  10  cm2  s  1  irrespective  of  the  lithium  content,  (  1  —  8),  in  the  0.45-0.7  range  at  room  temperature.  It  is  inferred  that  the  number  of 
vacant  sites  in  the  amorphous  electrode  available  for  the  intercalation  of  the  lithium  ion  is  quite  comparable  with  that  in  the  crystalline 
electrode.  ©  1997  Elsevier  Science  S.  A. 
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1.  Introduction 

Manganese  oxide  has  been  one  of  the  most  promising 
cathode  materials  for  high  energy  density  lithium  batteries 
due  to  its  high  electrode  potential  and  low  molecular  weight. 
Manganese  oxide  was  originally  developed  as  a  cathode 
material  for  primary  lithium  batteries  f  1,2],  and  has  been 
studied  during  the  last  few  years  for  rechargeable  lithium 
batteries  of  high  energy  density  utilized  in  cellularphones. 
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lap-top  computers  and  portable  cameras  [3,4].  Among  the 
manganese  oxides  of  various  types,  cubic  spinel  LiMn204 
has  been  intensively  studied  for  practical  uses,  because  the 
process  of  the  synthesis  of  LiMn204  powder  is  simple  and 
the  LiMn204  electrode  can  intercalate  lithium  at  very  high 
voltage  (4  VLl/Ll+  )  with  a  good  reversibility  [5]. 

LiMn204  powder  manufactured  by  the  conventional  solid- 
state  reaction  method  at  high  temperatures  above  700  °C 
shows  in  general  a  low  electrical  conductivity  with  a  bad 
reversibility  aggravated  by  its  large  particle  size  with  an 
inhomogeneous  size  distribution  |6].  Recently,  the  sol-gel 
method  was  developed  to  circumvent  the  detriment  of  the 


594 


S.~I.  Pyun  et  al.  /  Journal  of  Power  Sources  68  ( J997)  593-599 


solid-state  reaction  method  and  to  attain  the  following  advan¬ 
tages:  the  powder  synthesized  by  the  sol-gel  method  includes 
few  impurities  and  has  a  small  particle  size  with  a  homoge¬ 
neous  size  distribution,  its  morphology  can  be  controlled  and 
its  amorphous  phase  can  be  obtained  as  well  as  its  crystalline 
phase  [7] .  The  amorphous  and  crystalline  LiMn204  powder 
prepared  by  the  sol-gel  method  shows  expectedly  an  isotropic 
structure  implying  a  larger  electrochemically  active  surface 
area  and  a  lower  density  suggesting  a  larger  number  of  vacant 
sites  available  for  lithium-ion  intercalation  as  compared  with 
that  manufactured  by  the  solid-state  reaction  method. 

The  present  work  concerns  the  host  lattice  structure 
dependence  of  lithium-ion  intercalation  into  the  amorphous 
and  crystalline  gel-derived  Li  i  ±§Mn204  powdered  electrode 
specimens  (1  ±5  =  0.4-1. 5)  in  1  M  LiC104/PC  solution  at 
room  temperature.  For  this  purpose,  galvanostatic  intermit¬ 
tent  charge /discharge  curves  and  electrochemical  impedance 
spectra  were  obtained  as  a  function  of  the  lithium  content 
(1+5).  The  chemical  diffusivity  and  component  diffusivity 
of  lithium  ions  in  amorphous  and  crystalline  gel-derived  pow¬ 
dered  electrode  specimens  were  determined  as  a  function  of 
(1+5)  by  analysis  of  impedance  spectra  combined  with 
charge /discharge  curves  and  were  discussed  with  respect  to 
the  host  lattice  structure. 


2.  Experimental 


To  prepare  the  amorphous  and  crystalline  LiMn204  pow¬ 
ders  by  the  sol-gel  method,  lithium  acetate  dihydrate 
(CH3COOLi  *2H20)  and  manganese  acetate  tetrahydrate 
{ (CH3C00)24H20)  were  dissolved  in  ethanol  (C2H5OH), 
having  a  molar  ratio  of  metallic  ions,  Li +  :Mn2  +  of  1 :2.  This 
solution  became  quickly  converted  to  a  viscous  sol  by  addi¬ 
tion  of  tartaric  acid  ( ( COOH)2  •  2H20),  so  that  the  final  sol 
was  composed  of  0.025  mol /I  Li  +  ,  0.05  mol/1  Mn2+  and 
0.075  mol  /I  tartaric  acid.  Acetic  acid  and  ethanol  were  evap¬ 
orated  off  by  heating  the  sol  at  50  °C  to  obtain  a  gelatinous 
LiMn204  powder.  Finally,  the  amorphous  and  crystalline 
oxide  powders  were  obtained  by  heating  the  gelatinous 
LiMn204  powder  in  air  at  300  °C  for  3  h  and  at  800  °C  for  48 
h,  respectively.  Both  the  heat-treated  gelatinous  LiMn204 
powders  were  ground  to  below  325  mesh  (  <  45  jxm  in  par¬ 
ticle  size)  in  an  agate  mortar  and  pestle. 

A  cathode  specimen  was  prepared  by  mixing  the  heat- 
treated  gelatinous  LiMn204  powder  with  5  wt.%  Vulcan  XC- 
72  carbon  black  and  2  wt.%  polyvinylidene  fluoride  (PVDF) 
in  w-methyl  pyrrolidone  (NMP)  followed  by  spreading  on 
316  stainless-steel  ex-met.  Upon  evaporation  of  the  NMP, 
the  cathode  specimen  was  dried  under  vacuum  at  1 20  °C  for 
6  h  and  was  used  as  the  working  electrode. 

A  three-electrode  electrochemical  cell  was  employed  for 
the  charge /discharge  experiments  and  impedance  spectros¬ 
copy.  The  reference  and  counter  electrodes  were  constructed 


also  from  lithium  foil  and  a  1  M  LiC104/PC  solution  was 
used  as  an  electrolyte. 

Charge/discharge  experiments  were  conducted  under  gal¬ 
vanostatic  condition  by  using  a  Solartron  1286  electrochem¬ 
ical  interface  ( ECI ) .  The  charge  and  discharge  currents  were 
selected  so  that  a  change  in  lithium  content  of  A  5  =  1 .0  for 
Li ,  _  sMn204  would  occur  within  1 0  h. 

After  the  electrode  attained  an  equilibrium  potential,  the 
electrochemical  impedance  measurement  was  started  by 
using  a  Solartron  1255  frequency  response  analyser  in  con¬ 
junction  with  the  ECI  under  remote  control  by  an  IBM-com¬ 
patible  personal  computer.  A  single  sinusoidal  potential  wave 
of  10  mV  peak-to-peak  was  superimposed  on  a  constant 
potential  of  3.8  to  4.16  VLl/Ll+  over  a  frequency  range  of  1 
mHz  to  100  kHz.  The  frequency  was  scanned  from  high  to 
low  values. 

All  the  electrochemical  experiments  were  conducted  at 
room  temperature  in  a  glove  box  (VAC  HE493)  that  was 
filled  with  purified  argon  gas. 


3.  Results  and  discussion 


3.  /.  XRD  characterisation  of  the  amorphous  and 
crystalline  heat-treated  gelatinous  LiMn204  powders 


Fig.  1(a)  and  ( b )  presents  the  XRD  patterns  obtained  from 
the  amorphous  and  crystalline  gelatinous  LiMn204  powders 
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Fig.  1.  XRD  patterns  of  the  powders  obtained  by  heating  in  air:  (a)  at  300 
°C  for  3  h,  and  ( b  >  at  800  °C  for  48  h  The  Miller  indices  of  the  Bragg  peaks 
are  indicated  near  each  peak. 
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heat-treated  in  air  at  300  °C  for  3  h  and  800  °C  for  48  h, 
respectively.  From  the  XRD  results  combined  with  differ¬ 
ential  scanning  calorimetry  the  amorphous  phase  proved  to 
be  stable  at  temperatures  below  500  °C,  but  the  crystalline 
phase  was  stable  at  temperatures  above  500  °C.  The  amor¬ 
phous  powder  spectrum  consisted  of  a  broad  amorphous  peak 
including  a  weak  crystalline  peak,  but  the  crystalline  powder 
spectrum  was  composed  of  many  sharp  crystalline  peaks.  The 
crystalline  LiMn204  phase  has  a  cubic  spinel  structure  with 

o 

a  space  group  Fd3m  with  a  unit  cell  parameter  a  =  8.24  A. 

The  lithium  and  manganese  ions  in  the  crystalline  phase 
are  located  at  tetrahedral  (  8a)  and  octahedral  (16 d)  sites  in 
the  crystalline  LiMn204  phase,  respectively,  occupying  one 
eighth  of  all  the  tetrahedral  sites  and  one  half  of  all  the  octa¬ 
hedral  sites  [  8] .  The  lithium  ion  diffuses  from  the  surface  of 
the  spherical  crystalline  LiMn204  oxide  particle  zigzag 
through  the  three-dimensional  network  of  the  tetrahedral 
( 8a )  and  empty  octahedral  (16c)  sites  towards  the  center  of 
the  crystalline  oxide  particle  f  8  ] .  On  the  other  hand,  the  path 
for  lithium-ion  diffusion  in  the  disordered  amorphous  phase 
may  run  along  a  more  straight  line  as  compared  with  that  in 
the  crystalline  phase.  Hence,  it  is  expected  that  the  total  dif¬ 
fusion  length  of  the  lithium  ion  in  the  amorphous  phase  from 
the  surface  to  the  center  of  the  oxide  particle  may  be  shorter 
as  compared  with  that  in  the  crystalline  phase. 

3.2.  Galvanostatic  intermittent  charge/discharge 
experiment 

Fig.  2(a)  and  (b)  demonstrates  the  first  galvanostatic 
intermittent  charge  and  discharge  curves  obtained  from  the 
amorphous  and  crystalline  gel-derived  Li,_5Mn204  pow¬ 
dered  electrode  specimens,  respectively,  in  1  M  LiC104/PC 
solution  in  the  intercalated  lithium  content,  (1—5),  0.4-1 .0 
range.  Applying  a  constant  current  to  the  cell  composed  of 
Li,„^Mn204  powdered  electrode  specimen  during  1800  s 
upon  charging,  the  resulting  cell  potential  transients  were 
recorded,  and  represented  by  the  solid  lines  in  Fig.  2.  After 
interruption  of  the  current  pulse,  the  decay  of  the  open-circuit 


potential  was  followed  with  time  until  the  fluctuation  of  the 
open-circuit  potential  fell  below  0.01  VLl/Ll  +  .  This  potential 
value  was  just  recorded  as  an  electrode  potential  and  plotted 
by  the  open  circles  in  Fig.  2.  The  application  and  interruption 
of  the  constant  current  continued  until  the  lithium  content 
(1—5)  reaches  0.4,  after  which  we  started  to  perform  the 
measurements  in  the  reverse  direction,  i.e.,  discharging,  until 
(1—5)  reaches  1 .0.  Similar  to  the  charge  curve,  the  resulting 
cell  potential  transients  and  electrode  potentials  were  marked 
by  solid  lines  and  open  triangles,  respectively,  in  Fig.  2.  The 
deviation  from  the  ideal  stoichiometry  of  LiMn204,  5,  was 
calculated  from  the  values  of  mass  of  the  oxides  and  the  total 
electrical  charge  that  was  transferred  during  the  whole 
charge /discharge  cycle. 

The  instantaneous  1R  drop  measured  as  the  difference 
between  the  cell  potential  and  electrode  potential,  remained 
nearly  constant  at  a  small  value  of  0.05  VLl/L(+  for  both  the 
amorphous  and  the  crystalline  Li]_6Mn204  electrodes  irre¬ 
spective  of  the  lithium  content  in  the  0.4  <  ( 1  —  5)  <0.8 
range.  This  indicates  that  both  electrodes  have  a  compara¬ 
tively  high  and  nearly  constant  value  of  ionic  as  well  as 
electronic  conductivity  regardless  of  the  lithium  content.  The 
high  electrical  conductivity  of  the  gel-derived  LiMn204  pow¬ 
dered  specimens  as  well  as  the  crystalline  ones  used  in  this 
work,  are  explained  by  a  smaller  particle  size  (  -  1-10  pun) 
with  a  more  homogeneous  size  distribution  than  that  prepared 
by  the  solid-state  reaction  method.  However,  the  instantane¬ 
ous  IR  drop  rapidly  rose  with  lithium  content  above  (1—5) 
of  0.8,  indicating  an  abruptly  decreasing  lithium-ion 
conductivity. 

The  amorphous  electrode  showed  a  slope  in  the  potential 
of  the  charge/ discharge  curve  due  to  its  disordered  structure. 
The  fact  that  no  potential  plateau  w-as  observed,  indicates  that 
lithium-ion  diffusion  proceeds  in  a  single  phase  of  the  amor¬ 
phous  electrode.  On  the  contrary,  the  crystalline  electrode 
exhibited  two  distinct  potential  plateaus  in  the  charge/dis¬ 
charge  curve  appearing  near  4.0  and  4. 1 6  VL|/L|  + .  The  occur¬ 
rence  of  the  potential  plateau  near  4.0  VLl/Ll+  is  due  to  the 
coexistence  of  two  pseudo-phases  of  a  lithium-diluted  phase 


Fig  2  First  galvanostatic  intermittent  charge /discharge  curves  for  the  cell  Li  / 1  M  LiC104/propylene  carbonate  solution:  (a)  the  amorphous,  and  (b)  crystalline 
powdered  Li,  _  electrode  specimens. 
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and  a  lithium-concentrated  phase  within  the  oxide  particle  in 
the  range  of  the  lithium  content  (1-5)  =  0.6-0.9,  and  that 
plateau  near  4.16  VLl/L]+  is  owing  to  the  coexistence  of  A- 
Mn02  and  Li ,  _  sMn204  in  the  range  of  0.4  <  ( 1  —  5 )  <  0.5 . 

Lithium-ion  intercalation  is  in  general  accompanied  by  a 
molar  volume  change,  and,  hence,  a  mechanical  stress-field 
gradient  across  the  oxide  electrode.  The  intercalation-induced 
stress  is  associated  with  a  coherency  stress  required  to  hold 
the  phases  together  with  different  lattice  parameters,  and  it 
plays  a  crucial  role  in  determining  the  electrode  potential 
behaviour  [9] .  For  the  crystalline  electrode,  a  lattice  param¬ 
eter  mismatch  between  the  lithium-diluted  and  lithium-con¬ 
centrated  phases  is  large,  and,  hence,  a  potential  plateau  was 
observed  due  to  the  two-phase  equilibrium.  But,  the  differ¬ 
ence  between  the  lattice  parameters  of  two  phases  in  the 
amorphous  electrode  is  conceivably  much  smaller  than  that 
in  the  crystalline  electrode  due  to  the  open  and  disordered 
structure  of  the  former.  Thus,  the  amorphous  electrode  gave 
hardly  any  distinct  potential  plateau  as  shown  in  Fig.  2(a). 

3.3.  Impedance  analysis  of  the  electrochemical  lithium-ion 
intercalation  into  the  amorphous  and  crystalline  powdered 
Li j  _  bMn204  electrode  specimens 

Fig.  3(a)  and  (b)  shows  typical  Nyquist  plots  obtained 
from  the  amorphous  and  crystalline  powdered  Li,  _5Mn204 
electrode  specimens,  respectively,  at  various  lithium  contents 
in  1  M  LiC104/PC  solution.  The  impedance  spectra  for  both 
the  electrodes  consisted  of  two  separated  arcs  in  the  high-  and 


Real  Impedance  /  n 

Fig.  3  Nyquist  plots  obtained  from  (a)  the  amorphous  and  (b)  crystalline 
powdered  Li,  electrode  specimens  in  1  M  LiC104/propylene  car¬ 

bonate  solution  as  a  function  of  lithium  content,  ( I  —  5):  (O)  0.4;  (□)  0.6. 
and  { A )  0.8 


middle-frequency  ranges  of  50  Hz  to  100  kHz,  and  a  straight 
line  inclined  at  approximately  45°  to  the  real  axis  in  the  low- 
frequency  range  of  10  mHz  to  50  mHz.  The  two  arcs  in  the 
higher  frequency  range  are  due  to  reactions  at  the  electrolyte/ 
electrode  interface  and  the  inclined  line  in  the  lower  fre¬ 
quency  range  is  attributed  to  a  Warburg  impedance  that  is 
associated  with  lithium-ion  diffusion  through  the  oxide 
electrode. 

As  the  lithium  content  of  the  oxide  electrode  increased,  the 
magnitudes  of  the  first  high-frequency  arc  in  both  the  amor¬ 
phous  and  crystalline  Li,  _^Mn204  remained  nearly  constant, 
regardless  of  the  lithium  content  below  (1—5)  =0.8. 
According  to  our  previous  work  [10],  the  high-frequency 
arc  in  both  the  electrodes  represents  particle-to-particle  con¬ 
tact  resistance  and  capacitance  among  the  oxide  particles,  and 
the  middle-frequency  arc  is  closely  related  to  the  absorption 
of  lithium  ions,  previously  adsorbed  on  the  oxide  surface, 
into  the  oxide. 

For  the  amorphous  and  crystalline  electrodes,  the  absorp¬ 
tion  resistance  is  nearly  constant  in  the  lithium  content  range 
of  0.4  <  (1—5)  <0.8.  This  is  due  to  the  fact  that  the  three- 
dimensional  spinel  Li,  _5Mn204  lattice  undergoes  a  negligi¬ 
bly  small  volume  change  arising  during  the  intercalation  and 
de-intercalation,  which  was  calculated  from  XRD  to  be  within 
2%. 

In  the  amorphous  electrode,  a  capacitive  line  was  observed 
in  the  frequency  range  below  10  mHz  probably  due  to  the 
accumulation  of  lithium  ions  at  the  center  of  the  oxide  parti¬ 
cle.  From  this  result,  it  is  expected  that  the  diffusion  of  the 
lithium  ion  is  faster  in  the  amorphous  phase  than  in  the  crys¬ 
talline  phase. 

Fig.  4  shows  typical  Nyquist  plots  for  the  amorphous  and 
crystalline  powdered  Li,^Mn204  electrode  specimens, 
respectively,  at  a  lithium  content,  (  1  -b  5),  of  1 .3  in  1  M 
LiC104/PC  solution.  The  absorption  resistance  associated 
with  the  arc  in  the  lower  frequency  range  increased  abruptly 


Fig  4.  Nyquist  plots  obtained  from  the  amorphous  and  crystalline  powdered 
Li,  +  sMn204  electrode  specimens  in  1  M  LiC104 /propylene  carbonate  solu¬ 
tion  at  a  lithium  content,  ( 1  +  5),  of  1.3. 
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with  lithium  content  above  ( 1  +  5)  =  1 .0,  as  compared  with 
that  in  the  range  of  0.4  <  (1—5)  <0.8.  The  abruptly  rising 
absorption  resistance  is  due  to  the  stress-field  gradient  devel¬ 
oped  across  the  phase  boundary  between  the  cubic  ( including 
Mn3  +  andMn4+  ions)  and  tetragonal  (including  only  Mn3  + 
ions)  phases,  which  results  from  a  Jahn-Teller  distortion 
[11].  The  stress-field  arises  from  the  lattice  parameter  mis¬ 
match  between  the  cubic  and  tetragonal  phases,  which  is 
analogous  to  that  mentioned  in  Section  3.2.  It  is  particularly 
noted  that  the  absorption  resistance  for  the  crystalline  elec¬ 
trode  was  much  higher  than  that  for  the  amorphous  electrode. 
From  the  above  results,  it  is  expected  that  the  amorphous 
electrode  has  an  open  and  a  disordered  structure,  and,  hence, 
can  easily  release  the  stress  induced  by  the  structural  change. 

3.4.  Determination  of  the  chemical  diffusivity  and 
component  diffusivity  of  lithium  ions 

The  chemical  diffusivities  of  the  lithium  ion  in  the  amor¬ 
phous  and  crystalline  powdered  Li ,  _$Mn204  electrode  spec¬ 
imen  were  calculated  by  using  Eq.  ( 1 )  [12]  as  a  function  of 
the  intercalated  lithium  content,  (1—5),  in  the  0.45-0.7 
range,  and  from  the  galvanostatic  intermittent  titration  curves 
and  impedance  spectra  as  depicted  in  Figs.  2  and  3, 
respectively. 


and 


5min  <  8*  <  5max 

where  DL,+  is  the  chemical  diffusivity  ( cm2  s')  of  lithium 
ions  in  the  oxide  electrode;  Vm  the  molar  volume  of  the 
LiMn204  (42.1  cm3  mol-1)  electrode  specimen  (42.1  cm3 
mol -  1 ) ;  z  the  charge  number;  F  the  Faraday  constant  ( 96  487 


C  mol-1);  S  the  apparent  geometrical  area  (cm2);  5  the 
deviation  from  the  ideal  stoichiometry;  5m.JX,  Smin,  the  maxi¬ 
mum  and  minimum  values  of  5;  (B£V35*  ),  the  slope  of  the 
titration  curve  in  Fig.  2 \j  the  complex  number;  cothe  angular 
frequency  ( s-  1 )  and  Zw  represents  the  value  of  the  Warburg 
impedance  measured  at  any  frequency  in  the  impedance  spec¬ 
trum  shown  in  Fig.  3.  The  calculated  chemical  diffusivities 
of  lithium  ions  in  the  amorphous  and  crystalline  electrodes 
versus  lithium  content  in  the  range  of  0.45  <  ( 1  —  5)  <0.7 
are  plotted  in  Fig.  5(a).  The  chemical  diffusivity  of  lithium 
ions  in  the  amorphous  electrode  was  found  to  be  nearly  con¬ 
stant  at  about  1 0  “ 8  cm2  s  - 1  irrespective  of  the  lithium  content 
at  room  temperature,  which  is  ten  times  higher  than  that  in 
the  crystalline  electrode. 

In  view  of  the  interaction  between  the  lithium  ions  and 
configurational  entropy  for  the  arrangement  of  lithium  in 
Lij_5Mn204  lattice,  the  electrode  potential  of  Li,  _§Mn204 
can  be  expressed  by  Eq.  ( 2 )  [13]. 


RT  r  5* 

£=£° - In - ~-K(  <5  -0.5 ) 

F  L  1-5*  J 

(2) 

dE  Err  i 

AS*-  F  |_5*(  1—5*)  _ 

(3) 

where  E  is  the  electrode  potential  (  V ) ;  Ef  the  standard  elec¬ 
trode  potential  at  5*  =0.5  ( V);  R  the  gas  constant  (  8.314  J 
K-  1  mol~  1 );  T  the  absolute  temperature  (  K),  and  K  repre¬ 
sents  the  interaction  parameter  (K <0,  repulsive  interaction; 
£>0,  attractive  interaction).  From  Eq.  ( 1 ),  d£/35*  affects 
the  chemical  diffusivity,  and  therefore,  is  strongly  dependent 
on  the  interaction  parameter,  K.  The  higher  value  of  |  ATI  in 
the  amorphous  oxide  as  compared  with  that  in  the  crystalline 
oxide  means  that  there  is  a  stronger  repulsive  interaction 
between  the  intercalated  lithium  ions  within  the  former.  From 
the  above  results  and  the  comparison  of  the  total  diffusion 
length  of  lithium  ions  in  the  amorphous  and  crystalline  phases 
as  indicated  in  Section  3.1,  it  is  suggested  that  the  higher 
chemical  diffusivity  in  the  amorphous  electrode  probably 
originates  from  not  only  a  shorter  diffusion  length  but  also 


Fig.  5.  fa)  Chemical  diffusivity,  DLi+  and  (b)  component  diffusivity,  DL) ,  A,  in  the  amorphous  and  crystalline  powdered  Li,  _*Mn204  electrode  specimens  as 
a  function  of  the  lithium  content,  (1  -  5),  at  room  temperature 
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from  a  stronger  repulsive  interaction  between  the  lithium  ions 
within  the  amorphous  electrode. 

Considering  thermodynamic  enhancement  factors 
obtained  from  the  titration  curves,  the  component  diffusivi- 
ties  of  the  lithium  ion,  Du  +  ^  in  the  amorphous  and  crystalline 
electrodes  were  calculated  from  Eq.  (4)  f  14] 


D 


Li  +  ,  k  ~ 


RT 

(1  -S)F 


where  {  —  RT/  ( 1  —  8)F]  ( 85* /9£)  is  the  inverse  of  the  ther¬ 
modynamic  enhancement  factor.  The  component  diffusivity 
Du  t  ^  is  a  measure  of  the  random  motion  of  lithium  ions  in 
the  absence  of  a  concentration  gradient,  and  is  mainly  deter¬ 
mined  by  the  number  of  vacant  sites  available  for  lithium 
ions  within  the  oxide  [10].  Fig.  5(b)  presents  the  calculated 
component  diffusivities  of  lithium  ions  in  the  amorphous  and 
crystalline  electrodes  as  a  function  of  the  lithium  content  in 
the  0.45  <  ( 1  —  8)  <0.7  range.  The  component  diffusivities 
of  lithium  ions  in  both  the  amorphous  and  crystalline 
Li,_gMn204  electrodes  shared  a  nearly  constant  value  of 
approximately  10“ 10  cm2  s  " 1  at  room  temperature,  irrespec¬ 
tive  of  the  lithium  content  in  the  whole  range.  From  this  result, 
it  can  be  suggested  that  the  number  of  vacant  sites  in  the 
amorphous  electrode  available  for  lithium-ion  diffusion  is 
almost  equal  to  that  in  the  crystalline  electrode. 


gradient  developed  by  Jahn-Teller  distortion  across  the  phase 
boundary  between  the  cubic  and  tetragonal  phases.  The  amor¬ 
phous  electrode  with  an  open  and  disordered  structure  has  a 
better  ability  to  relax  the  stress  field  than  the  crystalline 
electrode. 

3.  The  chemical  diffusivity  of  lithium  ions  in  the  amor¬ 
phous  powdered  electrode  specimen  was  found  to  be  nearly 
constant  about  10  8  cm2  s  '  1  irrespective  of  the  lithium  con¬ 
tent,  ( 1  —  5),  in  the  0.45-0.7  range  at  room  temperature.  It 
was  found  to  be  ten  times  higher  than  that  in  the  crystalline 
powdered  electrode  specimen.  The  raised  chemical  diffusiv¬ 
ity  through  the  amorphous  electrode  is  due  to  a  shorter  dif¬ 
fusion  length  and  a  stronger  repulsive  interaction  between 
the  lithium  ions  within  the  electrode.  On  the  other  hand,  the 
component  diffusivities  of  lithium  ions  shared  a  nearly  same 
value  in  the  order  of  10“ 10  cm2  s“ 1  in  both  the  amorphous 
and  the  crystalline  Li,_5Mn204  electrodes  at  room  temper¬ 
ature,  irrespective  of  the  lithium  content  in  the  whole  range. 
It  is  suggested  that  the  number  of  vacant  sites  available  for 
lithium-ion  diffusion  in  the  amorphous  electrode  is  quite 
comparable  with  that  in  the  crystalline  electrode. 
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4.  Conclusions 

The  present  work  involves  the  host  lattice  structure 
dependence  of  lithium-ion  intercalation  into  the  amorphous 
and  ctystalline  gel-derived  Li,  ±gMn204  powdered  electrode 
specimens  by  using  a  combined  charge /discharge  experi¬ 
ment  and  impedance  spectroscopy.  The  conclusions  are 
drawn  as  follows. 

1 .  The  amorphous  powdered  electrode  specimen  showed 
a  slope  in  the  potential  of  the  charge /discharge  curve  owing 
to  its  disordered  structure;  however,  the  crystalline  powdered 
electrode  specimen  exhibited  two  distinct  potential  plateaus 
in  the  charge /discharge  curve  appearing  near  4.0  and  4.16 
VLi/l.+  due  to  the  coexistence  of  two  pseudo-phases  of  a 
lithium-diluted  phase  and  a  lithium-concentrated  phase,  and 
of  A-Mn02  and  Li,  _gMn204,  respectively. 

2.  The  electrochemical  impedance  spectra  showed  the 
absorption  resistance  remained  nearly  constant  regardless  of 
the  lithium  content,  (1  —  5),  in  the  0.4-0.8  range  for  both  the 
amorphous  and  the  crystalline  powdered  electrode  speci¬ 
mens.  The  constant  resistance  value  is  attributed  to  the  sta¬ 
bility  of  a  three-dimensional  cubic  structure  of  Li,  _5Mn204 
which  is  substantiated  by  a  negligibly  small  volume  change 
of  Li,  _gMn204  arising  during  lithium  intercalation  as  well 
as  de-intercalation.  By  contrast,  as  the  lithium  content, 
(1-5),  in  the  oxide  electrode  exceeds  1.0,  the  absorption 
resistance  increased  abruptly.  This  is  due  to  the  stress-field 
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